Neurodegenerative diseases are associated with misfolding and deposition of specific proteins, either intra or extracellularly in the nervous system. Advanced glycation end products (AGEs) originate from different molecular species that become glycated after exposure to sugars. Several proteins implicated in neurodegenerative diseases have been found to be glycated in vivo and the extent of glycation is related to the pathologies of the patients. Although it is now accepted that there is a direct correlation between AGEs formation and the development of neurodegenerative diseases, several questions still remain unanswered: whether glycation is the triggering event or just an additional factor acting on the aggregation pathway. To this concern, in the present study we have investigated the effect of glycation on the aggregation pathway of the amyloidogenic W7FW14F apomyoglobin. Although this protein has not been related to any amyloid disease, it represents a good model to resemble proteins that intrinsically evolve toward the formation of amyloid aggregates in physiological conditions. We show that D-ribose, but not D-glucose, rapidly induces the W7FW14F apomyoglobin to generate AGEs in a time-dependent manner and protein ribosylation is likely to involve lysine residues on the polypeptide chain. Ribosylation of the W7FW14F apomyoglobin strongly affects its aggregation kinetics producing amyloid fibrils within few days. Cytotoxicity of the glycated aggregates has also been tested using a cell viability assay. We propose that ribosylation in the W7FW14F apomyoglobin induces the formation of a cross-link that strongly reduces the flexibility of the H helix and/or induce a conformational change that favor fibril formation. These results open new perspectives for AGEs biological role as they can be considered not only a triggering factor in amyloidosis but also a player in later stages of the aggregation process.
Introduction
Protein misfolding and subsequent aggregation underlies several neurodegenerative diseases such as Alzheimer's, Huntington's and Parkinson's disease. It is now stated that any failure of a specific protein/peptide to fold/unfold correctly or to remain properly folded is at the basis of these pathological conditions characterized by the presence of deposits of ordered protein aggregates in the affected tissues [1, 2] . These structures are generally described as amyloid fibrils and the related diseases are known as amyloid diseases. Typically, the fibrils are long polymeric assemblies of 2-10 nm wide, with a core region formed by repetitive arrays of bsheets oriented perpendicularly to the fibril axis forming the so called cross-b structure [3, 4] . The aggregation reaction has been well characterized in vitro. Amyloid fibrils formation occurs through a nucleation-dependent polymerization process consisting of two phases: nucleation and extension. Nucleus formation requires a series of association steps within monomers, which are thermodynamically unstable, representing the rate-limiting step (lag phase). Once a nucleus has been formed, further addition of monomers to the nuclei becomes thermodynamically favored, resulting in a rapid extension of amyloid fibrils in vitro [5] . For years, the fibrils have been considered responsible for the toxicity associated with the amyloidosis. However, it is widely accepted that the non-fibrillar assemblies and, in particular, the oligomeric forms play a key role in the amyloid cytotoxicity. These aggregates populate the early stages of the growth phase preceding the protofibrils formation and are the main responsible of membrane homeostasis disruption [3, [6] [7] [8] [9] . The oligomers are small, flexible and usually globular species but maintain the essential amyloid features [4, 8, 10] . These intrinsic properties can explain their cytotoxicity, indeed the reduced size and the spherical shape make them able to interact with the cellular membrane causing cellular dysfunction eventually triggering apoptosis [6, 9] .
Protein found aggregated in pathological conditions do not share any sequence identity or structural homology and considerable heterogeneity also exists for secondary structure composition and chain length. Moreover, an increasing number of proteins with no link to protein deposition diseases has been found to form, under extreme conditions in vitro, fibrillar aggregates that have the same morphological, structural, and tinctorial properties of the amyloid fibrils [11] [12] [13] [14] . These findings suggest that protein aggregation may be a generic property of the polypeptide backbone and independent of a specific amino acid sequence. In addition, it has been shown that even the toxic effects of protein aggregates, mainly in their pre-fibrillar organization, result from common structural features rather than from the presence of specific side chains. Myoglobin belongs to this class of proteins, being able to aggregate and form amyloid fibrils under appropriate experimental conditions [15, 16] . In particular, the replacement of both indole residues located at positions 7 and 14 in the Nterminal region with phenylalanine (W7FW14F) renders myoglobin highly susceptible to aggregation and able to form amyloid fibrils under physiological conditions of pH and temperature [16] [17] [18] [19] . Similarly to other amyloidogenic proteins, the cytotoxicity of the W7FW14F apomyoglobin aggregates is associated to the early oligomers intermediates rather than mature fibrils [20] [21] [22] . These features make the W7FW14F myoglobin a suitable model for studying the molecular mechanisms underlying amyloid aggregation under physiological conditions. Indeed, this amyloidogenic protein allows performing measurements without the interference of denaturing agents and this is certainly more advantageous than other protein systems that need to be partially unfolded by a variety of denaturing agents.
Although the aggregation process of amyloidogenic proteins has been widely studied in vitro and many physiological (environmental and genetic) factors involved have been identified, the molecular mechanisms underlying the formation of aggregates in vivo and in pathological conditions are still poorly understood. The majority of cases of neurodegenerative diseases are sporadic, suggesting that other factors must contribute to the onset and progression of these disorders. Post-translational modifications are known to affect protein structure and function. Some of these modifications might affect proteins in detrimental ways and lead to their misfolding and accumulation. Reducing sugars play important roles in modifying proteins, forming advanced glycation end-products (AGEs) in a non-enzymatic process named glycation.
Proteins in amyloid deposits are often glycated suggesting a direct correlation between protein glycation and amyloidosis [23] [24] [25] [26] [27] . Glycation reactions are common to all cell types: glycated products slowly accumulate in vivo leading, besides cellular modifications involved in the aging process, to several different protein dysfunctions [28] [29] [30] [31] . Glycation is a stepwise process that begins with a nucleophilic addition reaction between a free amino group of a protein and a carbonyl group from a reducing sugar, forming a reversible intermediate product (Schiff's base). The Schiff's base can turn into a stable ketoamine by Amadori rearrangement. The following step is the formation of several intermediate products, some of them very reactive. The final step consists of a crosslink formation between products in which heterogeneous structures (AGEs) are formed [32] .
Recently, a great attention has been paid to protein glycation as a possible factor involved in protein aggregation [33] [34] [35] [36] . AGEs and their precursors (methylglyoxal and glyoxal) have been found to promote aggregation and cytotoxicity of insulin and intracellular amyloid-beta carboxy-terminal fragments [37, 38] . Human b2-microglobulin is rapidly glycated in the presence of D-ribose, forming highly toxic granular aggregates [39] . Recent studies have also shown that bovine serum albumin (BSA), a-synuclein and tau protein form globular amyloid-like aggregates upon glycation with D-ribose [40] [41] [42] .
All these proteins, if not glycated, are soluble and not prone to aggregation in the experimental conditions used thus suggesting that protein glycation can trigger amyloid aggregation. However, several questions remain unanswered, whether glycation is the triggering event or just an additional factor acting on the aggregation pathway. Glycation may then represents a strong contributor to amyloid aggregation by accelerating or stabilizing pathological protein aggregates rather than promoting the aggregation process. To this concern, in the present study we have investigated the effect of glycation on the aggregation pathway of the W7FW14F apomyoglobin. Although this protein has not been related to any amyloid disease, it represents a good model to resemble proteins that intrinsically evolve toward the formation of amyloid aggregates. We show that AGEs formation strongly accelerates the amyloid fibrils formation in the W7FW14F apomyoglobin providing evidences on the effect of glycation as an additional and not only an inducer factor in amyloid aggregation.
Results and Discussion

Glycation of the W7FW14F apomyoglobin
To check whether the apomyoglobin mutant W7FW14F can be glycated in vitro, the protein was incubated with 0.5 M D-ribose and 0.5 M D-glucose alternatively and samples were analyzed at different time points. It is known that glycation of a protein results in the formation of a new fluorescent derivative (l ex 320 nm, l em 410 nm) and thus fluorescence is commonly used to monitor the formation of AGEs. Changes in fluorescence at 410 nm were measured at different time intervals (days) ( Figure 1A ). The emission intensity of ribosylated W7FW14F apomyoglobin increased markedly with incubation time. At the same time glucosylated and untreated protein did not show a marked increase in fluorescence under the experimental condition used. This demonstrates that W7FW14F apomyoglobin undergoes glycation in vitro and that D-ribose is much more efficient than D-glucose in promoting the process. Higher concentrations of sugar were also tested (up to 1.0 M) but no significant differences were observed on protein glycation kinetics (data not shown).
Glycation is a non-enzymatic process in which proteins react with reducing sugar molecules. Usually the reaction occurs between the a-amino group of the N-terminal amino acid or the e-amino groups of lysines and the aldehyde or keto group of the reducing sugar. The stronger glycating ability of D-ribose can be due to the fact that its pentose ring is not planar but occurs in one of a variety of conformations, generally described as ''puckered'', which make the unstable aldofuranose ring more sensitive to reactions with amino groups. For this reason, among the reducing sugars, D-ribose is probably the most reactive in the glycation of proteins [43] [44] .
Besides lysine residues, glycation has also been found on the side chains of arginines and histidines [45] . To check whether the fluorescence at 410 nm was resulting from the reaction of D-ribose with lysine residues we looked at the emission signal at 425 nm, typical of a glycated lysine ( Figure 1B) . The strong parallelism between the emission at 410 and that at 425 nm suggests that the fluorescent derivative results from the reaction of D-ribose with eamino groups of the lysine side chain on the protein [42] . As shown in Figure 1 , the W7FW14F apomyoglobin resulted highly glycated after 5 days of incubation with 0.5 M D-ribose and reached a maximum after 10 days. Generally, the glycation process that induces AGEs formation requires a long time (days) depending both on glycating agents and experimental conditions. The observed lag phase (2-5 days) is the result of complex chain reactions that eventually lead to the AGEs formation detected [46] . A very similar time course has been observed for the wildtype protein in analogous experimental conditions [50] .
In summary, these results show that D-ribose, but no D-glucose, rapidly induces the W7FW14F apomyoglobin to generate AGEs in a time-dependent manner and protein ribosylation is likely to involve lysine residues on the polypeptide chain.
Glycation affects amyloid aggregation kinetics of the W7FW14F apomyoglobin
To investigate the effect of glycation on the aggregation process of the W7FW14F apomyoglobin, we incubated the protein solution in the presence and in the absence of D-ribose to monitor its effect on protein aggregation at various incubation time intervals (days). This time we did not perform the experiment in the presence of D-glucose as no significant effect on protein glycation had been previously observed. Samples taken at different time points were first analyzed by western-blot analysis using a myoglobin monoclonal antibody. As shown in Figure 2A the antibody recognized apomyoglobin monomer, dimer, trimer and larger aggregates. In the absence of ribose (left panel) we observed, besides monomers, small aggregates (mainly dimers and trimers) at 2 and 5 days of incubation; higher aggregates were present only after 10 days of incubation. In the presence of 0.5 M D-ribose (right panel) we observed higher aggregates already after 5 days of incubation indicating that protein ribosylation stimulates aggregation in the W7FW14F apomyoglobin mutant. Indeed, all protein samples were also tested using an anti-AGEs antibody through a dot-blot analysis ( Figure 2B) . The results confirmed that aggregates formed in the presence of D-ribose at this time interval (5 days) are highly glycated thus proving a direct correlation between AGEs formation and higher aggregation in the W7FW14F apomyoglobin.
In order to understand if aggregates formed in the presence of D-ribose were amyloidogenic we tested the Thioflavine T (ThT) reactivity of the samples incubated in the presence and in the absence of 0.5 M D-ribose at different time intervals (Figure 3) . ThT fluorescence is a widely used method for detecting amyloid formation as ThT specifically binds the fibrillar cross-b structure and its fluorescence intensity is proportional to the amount of fibrils present [47, 48] . The amyloidogenic W7FW14F apomyoglobin forms amyloid fibrils in at least 9-10 days from the onset of aggregation and after a lag-phase lasting 4-5 days [17, 19] . As shown in Figure 3 , aggregates formed in the presence of 0.5 M Dribose are clearly amyloidogenic giving a strong ThT fluorescence increase. In addition to this, samples incubated with D-ribose showed marked fluorescence emission intensity already after 5 days from the onset of aggregation. As expected, at this time point only little fluorescence typical of the lag phase was observed for the non ribosylated sample. The results indicate that glycation of the W7FW14F apomyoglobin dramatically accelerates its aggregation process promoting amyloid fibrils formation.
We have also investigated the effect of glycation on the structure of the apomyoglobin mutant at the early stages of the aggregation process following the time dependence of the far-UV CD spectrum in the absence and in the presence of 0.5 M D-ribose (Figure 4) . CD spectra were recorded immediately after pH neutralization of the protein samples. During the first hours of observation, for both samples, we did not observe any change in the CD spectra, all showing two minima at 208 and 222 nm, characteristic of the ahelical structure. The only variation recorded in time was a gradual reduction in the signal intensity due to the increase of the light scattering caused by protein aggregation [18] . The signal reduction was faster for samples incubated with D-ribose (Fig. 4B) . These results suggest that the presence of ribose, in the early stage of the aggregation process, does not promote any conformational change in the apomyoglobin mutant but only affects its aggregation rate. The higher aggregation propensity in the presence of D-ribose could be due to local rearrangements that make protein molecules more prone to associate.
Using electron microscopy we also examined the morphology of the W7FW14F apomyoglobin aggregates produced in the absence and in the presence of 0.5 M D-ribose at aggregation onset and 5 days thereafter ( Figure 5 ). As expected only pre-fibrillar species were observed at the beginning of the aggregation process for both samples (Fig. 5, A and C panel) . Consistent with the ThT staining, the EM images recorded 5 days from the onset of aggregation revealed the presence of mature fibrils only in the presence of Dribose (Fig. 5, D panel) . The size of the amyloid fibrils formed with D-ribose after 5 days of incubation is comparable with that one of the mature fibrils obtained, without sugar, only after 10-14 days of maturation [18, 19] . As shown in Figure 1 , aggregates formed in the presence of D-ribose at this time interval (5 days) are highly glycated thus proving a direct correlation between ThT reactivity, fibril morphology (EM) and AGEs formation. In summary, these results show that ribosylation of the W7FW14F apomyoglobin strongly affects its aggregation kinetics producing mature amyloid fibrils within 2-5 days from the onset of aggregation.
Putative ribosylation sites on the W7FW14F apomyoglobin
Recently, it has been shown that wild-type myoglobin can be glycated in vitro causing heme loss and formation of an intramolecular cross-link that is independent of heme binding. The reaction is only observed for ribose-containing sugars and the cross-link involves the N-terminus of the protein and its neighboring Lys133 [49, 50] .
In a previous study we have identified the solvent accessible regions in the W7FW14F apomyoglobin mutant through controlled proteolysis experiments in conjunction with MALDI-MS analysis of the generated fragments [51, 52] . Results were also performed on the wild-type protein and comparison between the two proteins are summarized in Figure 6 . Proteolytic experiments on W7FW14F apomyoglobin revealed that, helices A, D, and E are protected from protease action (in white) while helices B, C, F, G H and their connecting loops were not protected from protease action and, thus, are exposed to the solvent (in grey). As in the wild-type protein, the H helix of the W7FW14F apomyoglobin is solvent exposed and thus is reasonable to suppose that Lys133 is susceptible to glycation allowing the formation of a cross-link between the N-terminus and its side chain. Obviously, we cannot exclude that the W7FW14F mutant, having more accessible regions compared to the wild-type protein, can be glycated on additional sites too.
The same analysis performed on the W7FW14F apomyoglobin fibrils revealed that helices A, B, and E and part of D and G are involved in the fibril core ( Figure 7 , shown in blue) while helices C, D, F and H are exposed to the solvent (Figure 7 , shown in red). We speculate that formation of a cross-link between the Nterminus and the side chain of Lys133 in the W7FW14F apomyoglobin could strongly reduce the flexibility of the H helix and/or induce a conformational change that favor fibril formation. This can help to rationalize why AGEs formation in the W7FW14F apomyoglobin strongly accelerates its fibrillogenesis process although further analysis is needed to clarify the molecular determinants.
Effect of ribosylation on the cytotoxicity of the W7FW14F apomyoglobin
We then assessed the cytotoxicity of the W7FW14F apomyoglobin aggregates obtained in the presence of D-ribose using the MTT assay, which is a rapid and sensitive indicator of the amyloid-mediated toxicity. The toxicity of amyloid aggregates is closely linked to the presence of oligomeric species; in fact, decreased levels of MTT reduction are usually detected in the presence of soluble prefibrillar oligomers but not fibrils [53] . Similarly to other amyloidogenic proteins, the cytotoxicity of W7FW14F apomyoglobin aggregates lies not in the mature fibrils but rather in the early oligomers intermediates [17, 20] .
We compared the toxicity of aggregates formed in the absence and in the presence of 0.5 M D-ribose at aggregation onset and 5 and 10 days thereafter. As expected, in the absence of D-ribose, early prefibrillar aggregates (0 and 5 days) strongly affected cell viability (about 40% MTT reduction), whereas fibrillar aggregates (10 days) did not ( Figure 8) in accordance with previous studies [20, 22] . Conversely, aggregates formed in the presence of D-ribose after 5 days of incubation did not affect cell viability supporting our finding that D-ribose induces rapid formation of harmless fibrillar aggregates. However, we can not exclude that glycated protein are not toxic at all.
Ribosylation of amyloidogenic proteins could, then, be considered a protecting factor as it stabilizes the harmless form of amyloid aggregates. On the other hand, AGEs are known to bind the cell surface receptor RAGE (the receptor for advanced glycation end products) triggering multiple intracellular signaling pathways that promote a series of physiological and pathological processes [54] .
Conclusions
D-ribose is a naturally occurring pentose monosaccharide present in all living cells and their microenvironments and is a key component of numerous biomolecules involved in many important metabolic pathways. It also participates in the glycation of proteins producing advanced glycation end products (AGEs) that lead to cell dysfunction and death. Recently ribosylation in proteins has been associated to amyloidosis as it promotes protein aggregation.
It was our goal to investigate the effect of AGEs formation on proteins that naturally evolve to amyloid aggregates to test their role on the process while it is ''in progress''. We have chosen a protein model not related to any disease but able to form amyloid aggregates under physiological conditions of pH and temperature. We show that the protein is ribosylated during its aggregation process and that the AGEs formation rapidly induces amyloid fibrils formation. We can conclude that the AGEs formation is not necessarily the triggering event in amyloid formation but it can actively participate to the process affecting the reaction kinetics. These results open new perspectives for AGEs biological role as they can be considered not only an inducer factor in amyloidosis but also a player in later stages of the aggregation process.
Materials and Methods
Materials
Thioflavin T (ThT), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), D-Ribose, D-glucose were purchased from Sigma (Sigma-Aldrich Co., St. Louis, MO). All other chemicals were of analytical grade.
Protein purification
W7FW14F apomyoglobin mutant was expressed and purified essentially as described elsewhere [16] . Briefly, the protein was expressed in the Escherichia coli M15 [pREP4] strain as Nterminal His-tagged form and then purified via affinity chromatography on Ni 2+ nitrilotriacetic-acid resin (Qiagen) in denaturing conditions [55] [56] . Protein purity was checked by SDS-PAGE analysis. Refolding was achieved by removing denaturant by dialysis against 10 mM NaH 2 PO 4 , pH 2.0, containing decreasing concentrations of urea. The pH of the protein solution was then adjusted at neutrality. Protein concentration was determined under denaturing conditions, and absorption was measured at 275 nm. The molar extinction coefficient at 275 nm calculated from tyrosine content was 3750 M 21 cm 21 . 
Preparation of glycated protein
Fluorescence measurements
To assess the fluorescence of AGEs, ribosylated W7FW14F apomyoglobin at a final concentration of 5 mM was monitored on a Perkin Elmer Life Sciences LS 55 spectrofluorimeter. Wavelengths (l ex 370 nm/l em 425 nm; l ex 320 nm/l em 410 nm) were employed. The aggregation kinetics was monitored using ThT at different time intervals. Aliquots of samples (40 mM), incubated in the presence and in the absence of D-ribose, were mixed (1:1 v/v) with buffer containing ThT at final concentration of 50 mM. Wavelengths (l ex 450 nm/l em 482 nm) were employed. The fluorescence intensity was corrected by subtracting the emission intensity of ThT/D-ribose solutions.
SDS-PAGE and Western blotting
Aliquots of glycated protein samples were subjected to 15% SDS-PAGE using Bio-Rad (USA) electrophoresis equipment. For Western blot, the proteins were then transferred onto polyvinylidene difluoride membranes, and probed with anti-myoglobin or anti AGEs (EMD Millipore) antibody at a dilution of 1:1000 followed by goat anti-mouse horseradish peroxidase at a dilution of 1:2000. Immunoreactive bands were visualized using enhanced chemiluminescence (Pierce, USA).
Spectroscopic measurements
CD spectra were recorded at 25uC on a JascoJ-715 spectropolarimeter using thermostated quartz cells of 0.1 cm. Spectral acquisition was taken at 0.2 nm intervals with a 4 sec integration time and a bandwidth of 1.0 nm. An average of three scans was obtained for all spectra. Photomultiplier absorbance did not exceed 600 V in the spectral region analyzed. Data were corrected for buffer contributions and smoothed using the software provided by the manufacturer (System Software version 1.00). All measurements were performed under nitrogen flow. The protein samples were diluted 1:2 before spectra acquisition.
Transmission electron microscopy
Fibril formation in the presence of D-ribose was monitored by transmission electron microscopy (EFTEM Lybra 120, Zeiss, Germany). Protein aliquots of 10 mL were sampled from a protein solution of 40 mM, diluted 1:10 and deposited on 400-mesh formvar-coated grid (Electron Microscopy Sciences, Hatfield, UK) and allowed to absorb for about 1 min. The excess liquid was removed with filter paper. A drop of negative stain, 1% aqueous uranyl acetate made up fresh (Laurylab, Saint-Fons Cedex, France) was placed on the grid for 1 min and allowed to dry.
Cell culture and incubation with protein aggregates
NIH-3T3 cells (mouse fibroblasts, American Type Culture Collection) were cultured in Dulbecco's modified eagle's medium (DMEM)-high glucose supplemented with 10% bovine calf serum and 3.0 mM glutamine in a 5.0% CO 2 humidified environment at 37uC. 50 units/mL penicillin and 50 mg/mL streptomycin were added to the medium. The cells were plated at a density of 100,000 cells/well on 12-well plates in 1 mL of medium. After 24 h, protein samples (40 mM) were mixed 1:1 v/v with cell media and incubated. Cells in culture medium without protein and in the presence of D-ribose served as control.
MTT assay
Cell viability was assessed as the inhibition of the ability of cells to reduce the metabolic dye 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) to a blue formazan product [57] . After 24 h of incubation with protein samples, cells were rinsed with phosphate buffer solution (PBS). 100 mL of a stock MTT solution (5 mg/mL in PBS) were then added to 900 mL of DMEM without phenol red containing 10% bovine calf serum/ well, and incubation was continued at 37uC for an additional 3 h. After removing the medium, cells were treated with isopropylalcohol-0.1 M HCl for 20 min. Levels of reduced MTT were assayed by measuring the difference in absorbance at 570 and 690 nm. Data are expressed as average percent reduction of MTT with respect to the control 6S.D. from five independent experiments carried out in triplicate. For statistical analysis, we used a two-tailed Student's t test with unequal variance at a significance level of 5% unless otherwise indicated.
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